Abstract: Hydroxyl radical footprinting (HRF) is a nonspecific protein footprinting method that has been increasingly used in recent years to analyze protein structure. The method oxidatively modifies solvent accessible sites in proteins, which changes upon alterations in the protein, such as ligand binding or a change in conformation. For HRF to provide accurate structural information, the method must probe the native structure of proteins. This requires careful experimental controls since an abundance of oxidative modifications can induce protein unfolding. Fast photochemical oxidation of proteins (FPOP) is a HRF method that generates hydroxyl radicals via photodissociation of hydrogen peroxide using an excimer laser. The addition of a radical scavenger to the FPOP reaction reduces the lifetime of the radical, limiting the levels of protein oxidation. A direct assay is needed to ensure FPOP is probing the native conformation of the protein. Here, we report using enzymatic activity as a direct assay to validate that FPOP is probing the native structure of proteins. By measuring the catalytic activity of lysozyme and invertase after FPOP modification, we demonstrate that FPOP does not induce protein unfolding.
Introduction
A protein must fold to a native state sampled from an ensemble of states in order to perform its designated function. Misfolding of proteins has been implicated in numerous diseases that lead to dysfunction, hence, it is important to study protein structure to understand the connection between folding and function. High resolution methods such as X-ray crystallography and NMR have provided a wealth of knowledge on protein structure. These methods are not accessible for the study of all proteins making it necessary to develop other tools for structural analysis. Methods such as cryo-electron microscopy and fluorescence-based methods are being increasingly used to interrogate protein structure. Although these methods are not as high resolution as crystallography Additional Supporting Information may be found in the online version of this article.
Statement: Hydroxyl radical footprinting is increasingly being used to study protein interactions. Fast photochemical oxidation of proteins (FPOP) utilizes an excimer laser to photo-dissociate hydrogen peroxide to form hydroxyl radicals. With the addition of a glutamine scavenger, the hydroxyl radicals are quenched in a microsecond, faster than proteins unfold. But further validation is needed to conclude FPOP labels the native protein structure. Testing the catalytic activity of lysozyme and invertase after FPOP showed the oxidative modifications do not induce protein unfolding.
and NMR, they still provide significant information on the native conformation of proteins.
In recent years, hydroxyl radical footprinting (HRF) coupled with mass spectrometry has emerged as a new tool for analyzing protein structure. In HRF, the comparison of the oxidative modification of solvent accessible residues between two protein states is used to provide information about proteinprotein interactions, 1,2 protein-ligand interactions, 3, 4 and protein conformational changes. 5, 6 Mass spectrometry (MS) is used to identify the modified amino acids and quantitate the extent of oxidation. HRF methods are not limited in the size of proteins they can study, it requires a small amount of material (a few micrograms), and it offers relatively fast analysis in comparison to crystallography and NMR. Frequently, solvent accessibility information from x-ray crystallography or NMR is combined with the differential HRF experiments to provide more detailed information. 3, [7] [8] [9] [10] The efficacy of HRF in providing information on protein structure relies on the method analyzing the native structure of the protein. Since studies have shown that oxidation can induce protein unfolding, 11, 12 many HRF methods limit the number of oxidations per protein to minimize over-oxidation. 13 Although there are multiple methods for generating hydroxyl radicals, including synchrotron radiolysis of water, 14 laser photolysis of hydrogen peroxide, 15, 16 and electrochemistry, 17, 18 limiting the total oxidation level to less than 30%, regardless of the method of radical generation, helps maintain structural integrity. 19, 20 It has been demonstrated that for synchrotron radiation, exposure times of 50 msec or less are sufficient to oxidatively modify proteins without inducing structural changes to the protein. 20 Ion mobility mass spectrometry has also been used as a direct assay to show that synchrotron-based HRF does not alter the native state of the protein. 21 Other experimental assays to validate that HRF methods are probing proteins in their native conformation include measuring the kinetics of oxidation for peptides 9, 22, 23 and proteins, 13, 24 and analyzing protein structure after modification using circular dichroism 13, 16, 22, 25 and NMR. 26 These studies tested HRF methods where radicals were generated by synchrotron radiation, g-irradiation, a pulsed electron beam, and a nanosecond flash laser. FPOP is an HRF method that generates hydroxyl radicals via photo-dissociation of hydrogen peroxide by an excimer laser leading to multiple oxidations per protein. The large number of oxidations for FPOP could possibly lead to over oxidation and protein unfolding. To limit oxidation-induced unfolding, several experimental controls are utilized. First, a radical scavenger is added to the reaction to reduce the lifetime of the radical to 1 ls. Second, the protein sample is under constant flow, and an exclusion fraction is used to ensure a bolus of sample receives only one pulse of the laser. 15 Lastly, samples are collected in a quench solution containing catalase and methionine to quench excess hydrogen peroxide and hydroxyl radicals, respectively. Kinetic calculations 15 and dosimetry experiments 27 have shown, with the addition of glutamine as a radical scavenger, the lifetime of the hydroxyl radicals is reduced, preventing over-oxidation of the protein. This ensures the native structure is being probed. However, a recent study by Vahidi and Konermann 28 suggest protein oxidation using FPOP could last up to tens of milliseconds due to metastable secondary radicals generated from the glutamine scavenger. Due to this discovery, further validation that FPOP probes the native structure is needed. Gau et al. 29 performed the first evaluation of whether FPOP probes the native structure of proteins by confirming that the distribution of the FPOP modifications fit a Poisson, which is indicative of a single conformation modification model. Further validation, using an experimental assay that characterizes the sample after FPOP in a direct manner, would provide evidence that FPOP probes the native conformation of proteins.
Here, we report the use of the catalytic activity of enzymes to monitor whether FPOP modification unfolds proteins. Catalytic activity is an adequate benchmark owing to its sensitivity to protein unfolding which leads to significant activity loss. 30, 31 Using two different enzymes, lysozyme and invertase, the catalytic activity was used as a measure to determine retained native structure post FPOP modification. Lysozyme and invertase were used for this study due to the extensive information available for these enzymes and the ease of measuring the enzymatic activity. They contrast each other in structural make-up and size. Lysozyme is majority alpha-helix and a relatively small enzyme while invertase has majority beta-sheets and is much larger. By comparing catalytic activity of seven different conditions, chosen to specifically interrogate the role of the glutamine scavenger in limiting oxidation-induced conformational change, and localizing the residues with FPOP modifications using bottom-up proteomics, we determined FPOP does not show a significant structural change and retains the native structure required for efficient catalytic activity.
Results and Discussion
The enzymatic activity of lysozyme is preserved after FPOP
As a first step toward using catalytic activity as a means to elucidate whether FPOP probes the native conformation of proteins, we considered various experimental conditions that would best provide insight into the role of oxidation-induced protein unfolding. These conditions should take into account the role of the glutamine scavenger in limiting over oxidation as well as how the catalytic activity of the protein would be effected if the protein was unfolded. Seven conditions that provide a comprehensive representation of the effect of oxidation were chosen for this study. These conditions are (i) folded; (ii) unfolded; (iii) typical FPOP sample; (iv) typical FPOP control; (v) over-oxidized sample; (vi) over-oxidized control; and (vii) quench condition. The enzyme was in its native conformation and not subjected to FPOP for the folded condition representing a positive control for enzymatic activity. To demonstrate the effect of protein unfolding on catalytic activity, the enzyme was chemically unfolded using 8 M urea and 100 mM DTT for the unfolded condition. For the typical FPOP sample condition, the enzyme was oxidatively modified using standard FPOP conditions (as described in the Materials and Methods) including glutamine as a radical scavenger. In the typical FPOP control, the enzyme was mixed with hydrogen peroxide at concentrations similar to the typical FPOP sample but not exposed to laser irradiation. For the over-oxidized sample, the enzyme was oxidatively modified in the absence of the glutamine scavenger providing information on the role of the scavenger in limiting oxidation. The typical FPOP and over-oxidized controls do not get exposed to laser irradiation allowing background oxidation to be subtracted from the laser samples. Finally, the quench condition did not contain hydrogen peroxide and was not exposed to laser irradiation but did include glutamine and the quench reagents, methionine and dimethylthiourea (DMTU). The quench reagents were added to all of the FPOP samples to stop the FPOP reaction. The presence of these reagents and glutamine in the typical FPOP samples might have an effect on the enzymatic assay which this condition takes into account.
The catalytic activity of lysozyme was tested immediately after FPOP oxidation. The rate of enzymatic activity, measured as a change in absorbance over time in the presence of substrate, in the seven different conditions are shown in Figure 1 (A). First, protein concentration was used to normalize the enzymatic activity, and then activity was further normalized to the folded sample which was set at 100% retained activity [ Fig. 1(B) ]. In parallel to the enzymatic assay, far-UV circular dichroism 25 spectra
were collected for the folded and unfolded samples to assess protein structure (Supporting Information Fig. S1 ). Using the structure predictive software K2D2, 32 the folded samples consisted of 84% alphahelical and 0.6% beta strand secondary structure compared to 15% alpha-helical and 7.7% beta strand secondary structure in the unfolded samples. Unfolded samples retained <1% of its catalytic activity due to loss of secondary structure [ Fig. 1 (B),
Absorbance at 450 nm was tested every minute for 15 minutes to determine the activity of lysozyme. The highest activity was in the folded lysozyme sample followed by typcial FPOP control, quench condition, over-oxidized control, typical FPOP sample, over-oxidized sample, and unfolded sample, respectively. (B) For each condition, the activity was normallized using their protein concentration and compared to the folded lysozyme, which was set to 100% activity. (C) Extent of FPOP modifications for lysozyme on the residue-level for the typical FPOP and over-oxidization condition. Red boxes highlight the residues involved with catalytic activity and purple boxes highlight the buried residues.
Supporting Information Table S1 ]. The typical FPOP sample condition retained 47%60.2 activity which was eightfold higher than the over-oxidized sample condition which only retained 6% 6 0.02 activity.
The typical FPOP control, over-oxidized control, and quench condition samples retained 106 6 1.2, 49 6 1.7, and 87 6 2.5% activity, respectively. To further elucidate the effect of the glutamine scavenger on protein modification, we performed ESI-MS analysis on the intact protein after FPOP. In both the absence and presence of glutamine, the unmodified protein was the most abundant followed by several oxidations that are multiples of 116 Da (Fig. 2) . In the absence of the glutamine scavenger, lysozyme displays an abundance of the singly modified protein (95% of the unmodified protein) and a multitude of multiply oxidized proteins [ Fig. 2(A) ]. In comparison, when glutamine is present in the FPOP reaction, the singly modified protein comprises only 30% of the unmodified protein [ Fig.  2(B) ]. This is comparable to other HRF studies where appreciable protein structural damage was not observed when the singly modified protein was between 30 and 50% of the unmodified protein. 19 In addition, in the typical FPOP sample, only eight multiply oxidized proteins are present, which is less than the eleven modified peaks observed in the condition lacking glutamine. The abundance of these eleven peaks are significantly higher than any of the modified species when glutamine is present. The excess of modifications in the absence of glutamine denotes an increased radical lifetime leading to overoxidation. This, in conjunction with the almost complete loss of catalytic activity after FPOP without glutamine present, indicates the high levels of oxidation leads to disruption of the native structure of the protein. The retention of some activity in the typical FPOP sample suggests lysozyme remains folded after FPOP.
To ensure the retained activity in each condition is not solely due to the presence of unmodified protein in the sample, the peak areas of the intact protein spectra were calculated. For the typical FPOP sample, typical FPOP control, over-oxidized sample, and over-oxidized control, the unmodified protein makes up 40%, 60%, 20%, and 59% of the total area, respectively (Supporting Information Fig. S2 ). These areas do not correlate with the retained activity of any of the conditions indicating the modified protein is also contributing to the enzymatic activity.
Tandem MS reveals localized sites of oxidation
To investigate the effects of over oxidation on protein structure, FPOP modifications were localized using tandem MS after trypsin digestion, and the extent of FPOP modification at the residue level was calculated [ Fig. 1(C) ]. The residues modified in the typical FPOP and over-oxidized conditions were mapped onto the crystal structures of lysozyme [ Fig. 3(A,B) ]. There were seven residues, Y41, E53, F56, D70, W80, C82, and D137 that were modified in both conditions. Six residues, C94, V117, C133, K134, V138, and Q139 were uniquely modified in the typical FPOP condition. An additional ten residues, E25, L26, L43, W46, D66, D84, D119, M123, W126, and V127 were uniquely modified in the over-oxidized condition. The increased number of modifications in the over-oxidized condition correlates well with the intact MS data and underscores the increase in modifications observed in the absence of a radical scavenger. Furthermore, based on the solvent accessible surface area (SASA) of each residue calculated from the x-ray crystal structure (pdb ID: 4WMG), more buried residues (SASA 0.11) were modified in the over-oxidized condition [ Fig. 3(A,B) ]. These buried residues include L26, L43, W46, W123, and M126 that were modified only in the over-oxidized condition, V117 and C113 were modified in the typical FPOP condition, and F56 and C82 modified in both conditions. In the typical FPOP samples buried residue C82 is highly modified (>30%), however the other three buried residues F56, V117, and C133 all have less than 1% modifications [ Fig.1(C) ]. In contrast, three of the buried residues modified in the over-oxidized condition, L26, W46, and M123, have greater than 5% oxidation. Residues L43, F56, C82, and W126 have oxidations of 0.2%, 2.6%, 0.4%, and 1.5%, respectively. The increased number of modified buried residues with a higher overall modification indicates the longer radical lifetime leads to conformational changes that expose these buried residues.
The limited oxidation of buried residues in the typical FPOP condition compared to the overoxidized condition suggests the protein structure remains intact after FPOP in the presence of glutamine. However, the complete retention of activity in the typical FPOP control indicates that FPOP is contributing to the observed twofold loss in activity in the typical FPOP sample. The catalytic residues of lysozyme, E53 and D70, and a residue involved in substrate binding, W80, was oxidatively modified in the typical FPOP sample and over-oxidized control. The oxidation of these residues could be contributing to the decrease in activity in the typical FPOP samples.
In a previous study by Lin et al., 33 carboiimide labeling was used to modify the carboxyl groups in lysozyme. Performing the labeling procedure in the presence of the substrate led to all carboxyl residues being modified with the exception of catalytic residues Glu53 and Asp70, which were protected from labeling by the substrate interaction, and a retention of 56.5% catalytic activity. In a sequential step with the same sample, the substrate was removed, and the labeling reaction was repeated. Both Glu53 and Asp70 were modified, and a complete loss of enzymatic activity was observed demonstrating modification at these residues leads to a loss of catalytic activity. In our study, a complete loss of activity was not observed when the catalytic residues were oxidatively modified. Under typical FPOP conditions, Glu53 and Asp70 were only modified at 0.7 and 0.3% [ Fig. 1(C) ] which may explain having only a twofold loss of catalytic activity. In comparison, Lin et al. observed 30 and 70% labeling for Glu35 and Asp70, respectively, leading to a complete loss of activity. 33 The no laser control for the over-oxidized condition also has a twofold loss of catalytic activity [ Fig. 2(B) ]. This can be attributed to the background oxidation of Asp70 (Supporting Information Table  S2 ) further correlating the loss of catalytic activity with the oxidation of active site residues. For the typical FPOP control condition, which shows no loss of catalytic activity [ Fig. 2(B) ], neither of the active site residues were modified. Another consideration for the loss of enzyme activity is the improper substrate binding with lysozyme. For proper substrate binding, a major shift in the main chain and side chains of residues 88 to 94 takes place owing to changes in the hydrogen bonding network. 34, 35 In the absence of substrate, residues W80 and W81 form hydrogen bonds within this region. For substrate binding, W80 shifts to form a new hydrogen bond with the substrate. This shift along with other dielectric constant changes leads to the shifting of residues 88-94 toward the active-site cleft. 34 The typical FPOP sample showed 3.6% oxidation of W80 [ Fig. 1(C) ]. This oxidation would affect the hydrogen bonding network between this residue and the substrate, leading to lysozyme forming a weaker bond with the substrate. This further explains the loss of enzymatic activity observed in the typical FPOP sample. It is important to note that W80 is not modified in the typical FPOP control samples where minimal enzymatic activity was lost. Furthermore, a second residue in this important 88-94 region, C94, is modified in both the typical FPOP sample [ Fig. 1(C) ] and over-oxidized control (Supporting Information Table S2 ) which may lead to other changes in the active-site cleft. The retention of 47.5% catalytic activity after typical FPOP sample in comparison to an almost complete loss of activity for the chemically unfolded protein and overoxidized FPOP sample demonstrates that FPOP does not induce protein unfolding.
Invertase retains enzymatic activity after FPOP
To further verify FPOP does not alter the native conformation of proteins, a second enzyme, invertase, was tested. The same seven conditions as lysozyme were applied to invertase and studied by using an enzymatic assay. Far-UV CD spectra collected for folded and unfolded invertase were collected (Supporting Information Fig. S3 ). The folded invertase samples consisted of 36% beta strands and 14% alpha-helices compared to the unfolded samples with 29% beta stands and 8.2% alpha-helices. After 24 hr incubation with 100 mM DTT and 8 M urea, the protein still retained a significant amount of secondary structure. This is evident in the enzymatic assay where the unfolded sample retained 45% 6 1.1 of its catalytic activity [ Fig. 4(A) , Supporting Information Table S3 ]. This is similar to the typical FPOP sample which retained 34% 6 2.8 activity. The over-oxidized sample had a significant loss in activity with only 9% 6 1.3 retention. Both typical FPOP and over-oxidized controls displayed a decrease in activity with 61 6 4.2 and 38% 6 10.2 retention, respectively [ Fig. 4 (A), Supporting Information Table  S3 ]. The specific residues that were modified in the typical FPOP and over-oxidized conditions were mapped onto the crystal structure of invertase [ Fig.  5(A,B) ]. The typical FPOP condition displayed 19 modified residues compared to 13 modified residues in the over-oxidized condition [ Fig. 4(B-D) ], which contradicts the fact that the loss of catalytic activity in the over-oxidized condition is caused by the increase in oxidations. The increase in oxidations in the absence of a radical scavenger may have led to protein unfolding and increasing exposure to the backbone leading to backbone cleavages, which would limit the number of oxidized residues identified. Previously, Aye et al. observed that oxidatively modifying unfolded ubiquitin led to backbone cleavages owing to the increased solvent accessibility of the backbone in the unfolded state. 16 An important residue in the catalytic activity of invertase, Asp42, is modified in the typical FPOP sample which would account for the loss of activity in that sample. A previous study by Reddy and Maley demonstrated the importance of Asp42 in the catalytic process by changing it to asparagine using site-directed mutagenesis. 36 The mutated protein had a 20-fold decrease in activity when the neutral residue was present, and the residual activity observed was contamination from the wild type enzyme from endogenous to the host yeast cells. 36 Under typical FPOP conditions, Asp42 undergoes a loss of CO 2 , as evidenced by a 244 Da mass shift in the b 5 and y 10 ion in the MS/MS spectrum, resulting in a neutral residue in the active site (Fig. 6 ). This modification was not very abundant at only 0.82% leading to only a twofold loss in activity (Fig. 4) . The role of Asp42 in the decrease in catalytic activity is further demonstrated in the typical FPOP and overoxidized controls where Asp42 is oxidatively modified in both samples (Supporting Information Table  S4 ), which have a decrease in activity of 1.6-and 2.6-fold, respectively [ Fig. 4(A) ]. For the typical FPOP control, Asp42 had 0.10% background oxidation and the over-oxidized control had 0.65% background oxidation (Supporting Information Table S4 ). Asp42 was also modified in the over-oxidized sample at similar levels, 0.8%, to the typical laser sample, but an almost complete loss of catalytic activity is observed indicating that an additional component, protein unfolding, is contributing to the loss of catalytic activity.
Further consideration of modified residues adjoined to the active site effecting enzymatic activity is needed. In each condition, residues M40, N41, and N44 were modified, while P43 was modified in the typical FPOP sample, typical FPOP control, and over-oxidized control (Supporting Information Table  S4 ). Due to the proximity of these residues (Supporting Information Fig. S4 ), various hydrophobic interactions or Van der Waals forces could be formed or disrupted altering the dielectric response between the active residue and substrate and possibly the flexibility of the binding pocket. To fully conclude the effects of oxidation near the active site and loss of activity, additional investigation is needed, but the correlation between the oxidation of these four residues and the decrease in activity in the typical FPOP sample, typical FPOP control, and overoxidized control points to a possible connection.
We have demonstrated, using enzymatic assays, that FPOP performed under strict experimental conditions does not significantly alter the native structure of proteins. The inclusion of the radical scavenger to reduce the radical lifetime limits oxidation-induced unfolding of the protein as evidence by retained catalytic activity after FPOP in the presence of glutamine. This study strengthens the assertion of Gau et al. 29 that the method is analyzing proteins in their native conformation.
Materials and Methods

In vitro FPOP
The lyophilized lysozyme (Sigma-Aldrich) and invertase (Sigma-Aldrich) was resuspended in 66 mM potassium phosphate (Sigma-Aldrich) and water, respectively. For each protein, two different FPOP conditions were used. In the first condition, the typical FPOP condition, FPOP was performed as previously described. 8 Briefly, immediately prior to infusion, 7.5 mM hydrogen peroxide (Thermo Fisher Scientific) was added to a sample of 0.18 mg/mL of protein with 10 mM glutamine (Thermo Fisher Scientific). Samples were infused through a flow tube and exposed to laser irradiation at 248 nm. Samples were collected in a vial containing 100mM dimethylthiolurea (DMTU) (Sigma-Aldrich) and 10 mM methionine (Thermo Fisher Scientific) to quench the reaction. For this study, DMTU was used in place of catalase to quench hydrogen peroxide to reduce interference in the enzymatic assay. Three technical replicates were performed for this condition as well as three technical replicates without laser irradiation (typical FPOP control). In the second condition, the over-oxidized condition, sample specifications were the same as above except that glutamine was omitted from the reaction thus extending the lifetime of the hydroxyl radicals. Samples were infused and exposed to laser irradiation similar to the typical FPOP condition. Three technical replicates were performed for this condition as well as three technical replicates without laser irradiation (over-oxidized control). For laser irradiation, samples were passed through a 3 mm irradiation window at 39.76 mL/min with a laser frequency of 10 Hz allowing a 20% exclusion factor. A 248-nm KrF excimer laser (GAM Laser Inc.) was used to irradiate the samples at 100 mJ/pulse.
Enzymatic activity assays
After FPOP, the enzymatic activity was measured for each protein. Three separate controls were used to monitor the effects FPOP on the activity of the protein. Control one was the protein in buffer, for lysozyme, and water, for invertase (folded condition). Control two was the unfolded protein (unfolded condition). To unfold the protein, samples were incubated in 8 M urea and 100 mM DTT for 48 and 24 hours for lysozyme and invertase, respectively, at room temperature. Control three had the normal FPOP components but omitted hydrogen peroxide to consider the effects of scavenger and quench (quench condition). The catalytic activity of lysozyme and invertase was determined by using a lysozyme activity kit (Sigma Aldrich) and an invertase activity kit (Sigma Aldrich), respectively, according to the manufacturer's instructions. For each sample, a blank, where protein was omitted, was analyzed to remove matrix effects. Approximately, 0.22 mg of lysozyme was added to 0.05% of Micrococcus lysodeikticus cells. The absorbance at 450 nm was recorded every minute for 15 minutes. For invertase, 0.07 mg/mL of protein was incubated with a sucrose solution and the Master Reaction Mix. The absorbance at 570 nm was measured after 20 minutes. Owing to observed protein loss after infusion through silica tubing during FPOP, the activity of each sample was normalized by concentration. For both lysozyme and invertase activity, the control sample with folded protein was set to 100% enzymatic activity, and all samples were compared to it.
MS analysis
Intact MS analysis was completed using a nanoAcquity UPLC (Waters) and a Q Exactive (Thermo Fisher Scientific) mass spectrometer. Protein was loaded onto a MassPREP Micro Desalting column (Waters) and washed with 0.1% formic acid in water for 5 minutes and eluted protein at 60% acetonitrile and 0.1% formic acid for 5 minutes with a rate of 5 mL/min. Using MagTran, the area of the top 8 Gaussians were calculated to determine the amount of modified and unmodified protein.
For bottom-up analysis, protein was digested as previously described. 37 FPOP samples and controls were dried using a vacuum centrifuge and resuspended in 8 M Urea and 100 mM Tris-HCl pH 8.5. The samples were reduced with tris(2-carboxyethyl)-phosphine (TCEP) (Sigma-Aldrich), alkylated with iodoacetamide (IAA) (Sigma-Aldrich), and the reaction quenched with dithiothreitol (DTT) (SigmaAldrich). Samples were then subjected to a tryptic digest (Thermo Fisher Scientific) overnight at 378C. The digestion was quenched with formic acid (Thermo Fisher Scientific) with a total concentration of 5%. Samples were desalted using NuTip C-18 media packed zip tips (Glygen Corporation). After clean-up, the samples were dried and resuspended in 20 mL of 10% acetonitrile with 0.1% formic acid (Thermo Fisher Scientific). MS/MS analysis was completed using a nanoAcquity UPLC (Waters) and Q Exactive mass spectrometer (Thermo Fisher Scientific). Samples were loaded on an Acquity UPLC C18 Trap Column (Waters) and washed for 10 minutes at 5 mL/min with 1% acetonitrile 0.1% formic acid. Samples were separated on an in house packed 75 mM diameter column with 20 cm bed of Magic 5 mm C18 particles (Michrom Bioresources Inc.) with a 70-minute gradient reaching 45% acetonitrile 0.1% formic acid. The total run time was 106 minutes including loading, washing, and equilibrating. For MS1 the AGC target was set to 3e6 and for data-dependent MS2 it was set to 1e5.
Data analysis
For lysozyme, the tandem MS data was searched using Byonic (Protein Metrics). The data was searched in two stages. In the first stage, a single no laser dataset was searched against a Swiss Prot human database which contains 20,165 proteins with the carbomidomethylation of cysteines as the only modification with a parent ion tolerance of 5 ppm and fragment tolerance of 0.2 Da. A target decoy database search was also performed and the false discovery rate (FDR) was set to 1%. From this search, a focused database was generated that included decoy sequences. In the second stage, all data files were searched against the focused database will all known hydroxyl radical side-chain reactions products 38 as variable modifications. The FDR was set to 1%. The software Byologic (Protein Metrics) was used to quantitate the extent of FPOP modification using Eq. 1:
The EIC area modified is the area of the peptide with a modified residue and EIC area is the total area of the same peptide with and without the modified residue. For invertase, MS/MS data analysis was completed like previously described. 8, 37 Samples were searched using Proteome Discoverer (Thermo Fisher Scientific) with Sequest HT (Matrix Sciences Ltd.) against a yeast FASTA database which contains 6,566 proteins. Carbomidomethylation of cysteine was searched as a static modification while the FPOP modifications searched as dynamic modifications with a parent ion mass tolerance of 10 ppm and the fragment mass tolerance of 0.02 Da. The fractional oxidation per residue was determined using Eq. 1.
